The purpose of this study was to map in detail the spread of activation away from sites of early postshock excitation following unsuccessful defibrillation to determine whether these activation fronts are the unaltered continuation of activation fronts present just before the shock. We recorded simultaneously from 120 bipolar electrodes on 40 plunge needles in a 20 x35 x 5-mm volume of tissue of the right ventricular outflow tract immediately before and after shocks of 190-350 V were given via electrodes on the right atrium and left ventricular apex to six open-chest dogs with electrically induced ventricular fibrillation. For 20 shocks approximately 100 V below the defibrillation threshold, the site of earliest recorded activation following the shock was near the center of the mapped region. At the earliest recorded activation sites, there was an isoelectric window in the immediate postshock period lasting 42±15 msec after which activation fronts either spread away from a site in all directions in a focal pattern (12 episodes) or else spread away in only one direction (eight episodes). Comparison of activation patterns immediately before and after the shock revealed that in 18 of the 20 episodes, the location and pathway of activation fronts after the shock were markedly different from those before the shock. The preshock intervals at the sites of earliest activation following the shock, that is, the interval between the last activation at the site and the time of the shock, were not randomly distributed but were similar, averaging 64+11 msec, and were negatively correlated with the isoelectric postshock window (r= -0.70, p =0.0001). These findings indicate that the presence and the site of origin of activation fronts after the shock are influenced by at least two factors: the shock itself and the electrophysiological state of the myocardium at the time of the shock. Thus, epicardial shocks approximately 100 V below the defibrillation threshold markedly alter the activation sequences of fibrillation but are unsuccessful because the activation fronts following the shock reinitiate fibrillation. (Circulation Research 1990;66:1544-1560 T he critical mass hypothesis of defibrillation postulates that defibrillation is achieved when the excitable fibers within a critical mass of myocardium are activated by the shock.1 With epicardial, transmural, and septal recordings From the during episodes of unsuccessful ventricular defibrillation, we observed an interval (the isoelectric window) lasting up to 130 msec during which no activations were recorded immediately after unsuccessful shocks of more than 1 J given via electrodes on the right atrium and left ventricular apex.2 Ventricular fibrillation (VF) then regenerated. This finding suggests that failure to halt activation fronts within a critical amount of myocardium is not the reason an epicardial shock of more than 1 J is unsuccessful. Rather, new activation patterns appear after the shock that reinitiate VF. Because of this finding, we hypothesized that unsuccessful epicardial shocks of more than 1 J reinitiate VF by giving rise to new activation fronts in myocardial regions that are in their vulnerable period at the time the shock is delivered.3 To defibrillate reliably, a shock must be strong enough to exceed the upper limit of vulnerability in all parts of both ventricles.3 The upper limit
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The purpose of this study was to map in detail the spread of activation away from sites of early postshock excitation following unsuccessful defibrillation to determine whether these activation fronts are the unaltered continuation of activation fronts present just before the shock. We recorded simultaneously from 120 bipolar electrodes on 40 plunge needles in a 20 x35 x 5-mm volume of tissue of the right ventricular outflow tract immediately before and after shocks of 190-350 V were given via electrodes on the right atrium and left ventricular apex to six open-chest dogs with electrically induced ventricular fibrillation. For 20 shocks approximately 100 V below the defibrillation threshold, the site of earliest recorded activation following the shock was near the center of the mapped region. At the earliest recorded activation sites, there was an isoelectric window in the immediate postshock period lasting 42±15 msec after which activation fronts either spread away from a site in all directions in a focal pattern (12 episodes) or else spread away in only one direction (eight episodes). Comparison of activation patterns immediately before and after the shock revealed that in 18 of the 20 episodes, the location and pathway of activation fronts after the shock were markedly different from those before the shock. The preshock intervals at the sites of earliest activation following the shock, that is, the interval between the last activation at the site and the time of the shock, were not randomly distributed but were similar, averaging 64+11 msec, and were negatively correlated with the isoelectric postshock window (r= -0.70, p =0.0001). These findings indicate that the presence and the site of origin of activation fronts after the shock are influenced by at least two factors: the shock itself and the electrophysiological state of the myocardium at the time of the shock. Thus, epicardial shocks approximately 100 V below the defibrillation threshold markedly alter the activation sequences of fibrillation but are unsuccessful because the activation fronts following the shock reinitiate fibrillation. (Circulation Research 1990;66:1544-1560) T he critical mass hypothesis of defibrillation postulates that defibrillation is achieved when the excitable fibers within a critical mass of myocardium are activated by the shock.1 With epicardial, transmural, and septal recordings during episodes of unsuccessful ventricular defibrillation, we observed an interval (the isoelectric window) lasting up to 130 msec during which no activations were recorded immediately after unsuccessful shocks of more than 1 J given via electrodes on the right atrium and left ventricular apex. 2 Ventricular fibrillation (VF) then regenerated. This finding suggests that failure to halt activation fronts within a critical amount of myocardium is not the reason an epicardial shock of more than 1 J is unsuccessful. Rather, new activation patterns appear after the shock that reinitiate VF. Because of this finding, we hypothesized that unsuccessful epicardial shocks of more than 1 J reinitiate VF by giving rise to new activation fronts in myocardial regions that are in their vulnerable period at the time the shock is delivered. 3 To defibrillate reliably, a shock must be strong enough to exceed the upper limit of vulnerability in all parts of both ventricles. 3 The upper limit of vulnerability is defined as that shock strength above which VF is not induced, no matter when the shock is given during the vulnerable period.4'5 A limitation of our previous study2 is that the recording electrodes were too far apart to map the activation sequence during VF just before the shock and to map in detail the activation sequence around the site of earliest postshock activation. Thus, it is possible that a small activation front was missed during the isoelectric window that was a continuation of an activation front of VF present at the time of the shock. We have overcome that limitation in this study by placing the recording electrodes close together in the pulmonary outflow tract, a region in which sites of early postshock activation were frequently observed with the defibrillation electrode configuration we used. 2 The purpose of this study was to map in detail the activation sequences immediately before and after unsuccessful defibrillation shocks to determine if the activation fronts just after the shock are the unaltered continuations of activation fronts present just before the shock.
Materials and Methods Recording Electrodes
Forty plunge electrodes, each constructed from a 21-gauge needle and containing six recording electrodes 1 mm apart, were held within an acetal plate (Delrin, Du Pont Co., Wilmington, Delaware) with 5 mm between the plunges, to form five columns and eight rows. 6 The six recording electrodes on each plunge were connected to make three bipolar pairs to record cardiac activation. Signals were recorded digitally at a rate of 1,000 samples/sec7 with a 128-channel recording system. The low-pass filter was set at 500 Hz, and the high-pass filter was set at 0.1 Hz. The data were recorded on a modified videotape recorder for off-line analysis. 8 
Surgical Preparation
Six mongrel dogs (mean weight+SD, 22 .5+3.3 kg) were anesthetized with pentobarbital sodium (30) (31) (32) (33) (34) (35) mg/kg)9 and succinylcholine chloride (1 mg/kg). Each was intubated with a cuffed endotracheal tube and ventilated with 30-60% oxygen through a Harvard respirator (Harvard Apparatus, South Natick, Massachusetts). Ringer's lactate was infused continuously and supplemented with potassium chloride, sodium bicarbonate, and calcium chloride when indicated. Via a separate intravenous line, pentobarbital was infused at a rate of approximately 0.05 mg/ kg/min throughout the experiment to achieve adequate anesthesia. The dose of pentobarbital was adjusted according to the depth of anesthesia assessed by signs such as shivering, eyelid reflexes, and pedal reflexes. 9 Succinylcholine in a bolus dose of 0.25-0.5 mg/kg was given no more than once per hour to decrease muscle contraction induced by the electric shock. An arterial line was inserted into the femoral artery, and the systemic blood pressure was continuously displayed on an oscilloscope. Blood was withdrawn to determine the pH, Po2, Pco2, CO2 content, base excess, and bicarbonate, sodium, potassium, and calcium concentrations. Normal metabolic status was maintained throughout the study by taking blood samples every 30-60 minutes and correcting any abnormal value.
The chest was opened through a median sternotomy, and the heart was suspended in a pericardial cradle. The sinus node was crushed by applying a hemostat at the junction of the superior vena cava and right atrium. The 40 electrodes in the acetal plate were inserted into the right ventricle by pushing the plate directly toward the heart. The upper edge of the plate was kept close to the pulmonary artery so that the uppermost row of the recording plunge electrodes was within 1 cm of the pulmonary valve. The upper and lower edges of the acetal plate were then fixed to the heart with six 3-0 sutures. The heart was paced from the right atrium at a rate of 150 beats/min. A pair of sensing wires was inserted in the right ventricular anterior wall so that shocks could be given at a predetermined interval after the last sensed depolarization. For defibrillation, 4.5-cm2 round mesh titanium patch electrodes were secured to the epicardium of the right atrium as anode and to the ventricular apex as cathode. Truncated exponential 5-msec shocks were generated with a specially built defibrillator that interfaced with the mapping system.
After electrode insertion but before the beginning of recording, the upper limit of vulnerability and the defibrillation threshold were determined as previously described. 3 The highest voltage that failed to defibrillate was called the subthreshold defibrillation voltage. In the first experiment, we used the subthreshold voltage as the test voltage and mapped the patterns of activation after the test voltage was given during VF. The results from this dog revealed that in only one out of 30 fibrillation-defibrillation episodes did the earliest postshock activation occur in the center of the volume recorded. Because the number of early sites increases as the shock strength is decreased,2 for the remaining five experiments the test voltage was set to 100 V less than the subthreshold voltage to increase the probability of recording the earliest postshock activation in the center of the tissue. After the test voltage was determined, the electrodes were connected to the recording system. Two different sets of gains were determined and stored in two different memory banks of the data acquisition system. First, the gains were adjusted automatically during atrial paced rhythm for recording cardiac activation. The gains so adjusted formed the first bank of gains. Recordings were then changed to unipolar with a 1,000: 1 voltage divider interposed between the recording electrodes and the recording system. 10 Then, the test voltage was given 300 msec after the last sensed depolarization so that the gain settings could be adjusted for the shock and the impedance of the heart and defibrillation electrodes could be determined. The gains so determined formed the second bank of gains. During the study the first bank of gains was used to record cardiac activation before and after the shock. So that the shock would not saturate the amplifiers, the gains were changed temporarily from the first bank to the second bank, with unipolar recordings and the 1,000:1 divider interposed, beginning 3 msec before the shock and ending 1 msec after the shock. Because it took an average of 7 msec for the baseline to return to normal, the recording started approximately 8 msec after the end of the shock. VF was induced by giving the test voltage in the vulnerable period of the cardiac cycle.3 After 20 seconds, the same voltage was given during VF. Because the shock was below the defibrillation threshold, defibrillation usually did not occur. The dog was then salvaged by giving a higher voltage shock from the same electrodes. This procedure was repeated every 5-10 minutes11,12 until 30 fibrillation-defibrillation episodes were obtained.
Histological Studies
The dog was killed by electrically induced VF, and the heart was excised. The endocardial surface of the tissue studied was stained with Lugol solution,13 and a color photograph was taken to document the endocardial penetration of the plunge electrodes and the distribution of the Purkinje fiber network. The depth of penetration of the plunge electrodes through the endocardial surface was used to determine if any recording electrodes were in the right ventricular cavity. The tissue was then fixed in 10% formalin for at least 48 hours. Serial sections were obtained every 0.5 mm parallel to the epicardial surface and stained with hematoxylin-eosin. Myocardial fiber orientation was determined for each of the three layers of recording electrodes as was the amount and location of tissue damage induced by the plunge electrodes.
Terminology
The term "effective refractory period" in this study refers to the period during which a propagated action potential cannot be evoked by a stimulus, no matter how strong.14 Hoffman and Cranefield preferred this term instead of "absolute refractory period" because strong stimuli may produce other active responses in the tissue besides a propagated action potential, that is, a graded response.15 This definition is different from that used in clinical electrophysiology in which the effective refractory period is usually determined at a certain stimulus strength, for example, twice diastolic threshold. 16 An "early site" is defined as an electrode location that recorded activation earlier than all the surrounding electrodes. There may be one or more early sites for each isochronal map. The total activation time of an isochronal map refers to the total time required to activate the tissue studied, which is equal to the difference between the latest and the earliest activation times of the map.
Data Analysis
The recordings from each channel were displayed on a computer terminal (model 4014, Tektronix, Beaverton, Oregon), and the first activation after each unsuccessful test shock was identified for all channels. The time selected for each activation was the peak value for complexes that either were primarily monophasic with a single maximum or minimum or were multiphasic with multiple maxima or minima if one of the extremes was greater than the others.17 Otherwise, the time of the maximum absolute slope was taken as the activation time. All complexes were selected, even very small ones, so that some times selected may not represent a propagated activation but may represent either electrotonus and local response, in which the myofibers around the recording electrode were weak electrical generators, or field effect, in which potential differences at the recording electrode were generated by ionic current flow arising from activation fronts in myofibers away from the recording electrode.18 Isochronal maps were drawn for these first activations to determine the patterns of activation after the unsuccessful shock.19 A wide bar was drawn to indicate conduction block between neighboring electrodes for which activation times differed by more than 55 msec, which would represent a conduction velocity of less than 0.09 m/sec.6 Those episodes were identified in which the earliest postshock activation occurred within the central three columns and six rows of the recording electrode array, because if earliest postshock activation was recorded at the outer edge of the electrode array it is possible that this activation propagated from yet an earlier site of activation outside the array. For those episodes in which earliest postshock activation was within the central region of the array, additional activations before and after the shock were identified to analyze the relation between the preshock and postshock activation wave fronts. The preshock interval at any electrode was defined as the interval between the last activation before the shock at that electrode and the beginning of the shock. The postshock interval at any electrode was defined as the interval between the beginning of the shock and the first postshock activation at that electrode. The postshock interval at the earliest site was the postshock isoelectric window.2 To study the patterns of activation before the shock for episodes in which early sites were not in the inner three columns and six rows of electrodes, five episodes per dog were randomly selected by a computergenerated random number list. Three to five activations before the shock were analyzed for these episodes. Student's t test and correlation coef-ficients2021 were used for statistical analysis.
Results
The test shock voltage averaged 279+ 62 V (range, 190-350 V). Of the 180 episodes of attempted unsuccessful defibrillation, 13 were excluded from analysis, four due to successful defibrillation and nine due to poor recordings. Among the remaining 167 episodes of unsuccessful defibrillation shocks, 20 episodes (3±3 per dog; range, 0-9) had early sites located in the inner three columns and six rows of the recording electrode array. Two types of activation patterns were observed after the shock: those with and those without unidirectional conduction.
Regeneration of Ventricular Fibrillation From Activation Pattems Exhibiting Unidirectional Conduction
In eight episodes of unsuccessful defibrillation in which an early site was identified within the recording electrode array, unidirectional conduction was observed in the immediate postshock period ( Figure 1 ). Panel A shows the normal activation pattern during atrial paced rhythm. Activation was usually earlier in the endocardial plane than in the epicardial plane of electrodes. There was no evidence of conduction delay or block. Panels B-E show four consecutive activations during VF just before the shock. No foci of early activation were observed within the mapped region. Conduction occurred as fairly large activation fronts that invaded from outside and then crossed most of the mapped region. These activation fronts were similar from cycle to cycle, repeatedly entering the tissue near the same lower corner. Conduction speed was much slower than during sinus rhythm, and earliest activation was not always in the most endocardial plane of electrodes. The shock was delivered before the fourth mapped activation front had completely traversed the tissue (panel E). The area not yet activated by this front at the time of the shock is cross-hatched. The electrode locations in this area are marked by asterisks. The areas most recently excited by the activation front were probably in their effective refractory period. Other parts of the tissue may have been either recovered or relatively refractory depending on the time of the last activation. The shock occurred at time 350 msec. The preshock interval can be calculated by subtracting the time of the last preshock activation from the time of the shock.
Panel F shows that earliest activation was recorded 25 msec after the beginning of the unsuccessful defibrillation shock. Activation originating from this early site spread unidirectionally cephalad without conducting caudad in a pattern markedly different than that just before the shock. The region shown in black was probably refractory at the time of the shock because it activated just before the shock, whereas the hatched region with electrodes represented by dots may have been directly activated by the shock because it was the most recovered at the time of the shock. The caudal hatched and black regions (panel F) were excited later by activation fronts entering both sides of the mapped region (panel G). These two activation fronts (arrows) could have arisen from other early sites outside the mapped region or could have been continuations of the early cephalad activation front circling both the right and left sides of the mapped region to form a reentrant pathway. The time required for the activation fronts to excite most of the mapped region and then to reexcite the tissue that was first activated after the shock, which equals the time between the first and the second postshock activations at the site of earliest postshock excitation, was 97 msec for this example and averaged 94±26 msec for the eight episodes. Despite the fact that myocardial fiber orientation differed nearly 900 between the endocardial and epicardial layers, the activation fronts in these two layers had similar orientations.
Direct intracellular recordings suggest that action potential duration in the early stage of VF is approximately 50-70 msec. 22, 23 This suggests that in panel F most of the lower part of the tissue was recovered or relatively refractory at the time of the shock except for the lower corner towards the septum (the black region in panel F), which was in its effective refractory period since it had activated just before the shock. Thus, most of the lower part of the tissue (indicated by hatching in panel F) may have been directly activated by the electric field of the shock. If so, the border at the bottom of the hatched region adjacent to the black region in panel F indicates a line of unidirectional block. The activations recorded later in this hatched area (lower part of panel G) represent the second activation of this region, since the first occurred during the shock itself. The early site in panel F represents either a small region of propagation from the directly activated border or direct activation with 25 msec of latency. 24 The spread of activation in the second (panel G) and third (panel H) cycles of postshock activation is markedly different from that of the preshock activation. Figure 2 shows recordings from selected channels for the same episode. Before the shock, activations recorded in each channel occurred roughly 100 msec apart. Many of the waveforms were similar from activation to activation. After the shock, the activation waveform changed in most channels. Double activations were recorded in channels d, e, and h. These double activations occurred too close to each other to represent recordings from the same cells that were excited twice. These channels may have recorded the activation fronts on both sides of a region of conduction block.25 These double activations were also observed during VF before the shock in areas of wave front collision or from the center of activation patterns compatible with reentry.
In three of the eight episodes, the activation pattern changed markedly after -the first cycle. Figure 3 shows an example. Before the shock, the activation front entering from the midseptal side of the mapped tissue was repeatable, but fronts arising from the upper and lower parts of the tissue gradually changed cycle by cycle (panels A-C). After the shock, an early site occurred in the middle of the tissue studied. Postshock activation differed markedly from that just before the shock. Unidirectional conduction and a pattern of activation similar to that of a figure eight were present. This pattern ENDOCARDIUM A 21 20 did not continue, however. Subsequent activations invaded the tissue from the edges of the mapped region with completely different patterns of activations. The origin of these subsequent activations was outside the mapped region so that the mechanism by which they arose is not known.
Regeneration of Ventricular Fibrillation Without Demonstrable Unidirectional Conduction
In 12 of the 20 episodes, unidirectional conduction was not observed during the first postshock cycle of activation. Among these 12 episodes, six had early Figure 1 . The left panel shows the location of the channels. The right panel shows the recordings from these channels. An arrow points to the shock that occurred at 350 msec. The numbers represent the times selected for the complexes below them. Most of these complexes probably represent local activation except for the small complexes, which may represent electrotonus or activation fronts a short distance away.
sites occurring repeatedly at the same location (focal onset). For the other six, the early site changed after the first activation. Figure 4 shows the pattern of activation of an unsuccessful shock in the same dog as for Figures 1-3 . Panels A-D show consecutive preshock activation cycles during VF. Time zero is taken as the earliest activation in panel A. The earliest activations in panel A were at the center and at the lower corner toward the septum (arrows). Panels A-C show that activation originating from the center spread cephalad and also circled the region demarcated by the wide bar. The activation fronts coalesced to activate the region caudal to the early site, and then reentered the tissue at the early site in a figure eight pattern. As in Figures 1 and 3 , the preshock activation during VF was fairly similar from cycle to cycle. An alternative interpretation of this activation pattern is the presence of an automatic focus in the center of the tissue that spread caudally at a conduction velocity of less than 0.1 m/sec. The shock occurred at 343 msec, before the fourth mapped activation front had completely activated the tissue (panel D). The area not yet activated by this wave front at the time of the shock is hatched. Earliest postshock activation was recorded 19 msec after the shock (arrow, panel E). The activation front spread away from this early site without demonstrable conduction block, differing greatly from the preshock activation pattern. Panels F-H show consecutive activations after the one registered in panel E. Reentry was not observed in any of these activations. In panels G and H, conduction block occurred in the cephalad direction toward the septum. The double activations near the early sites suggest the presence of small local reentrant circuits that may have been the source of subsequent activations. However, automaticity or triggered activity could not be ruled out. In two of the six episodes of focal onset, the spread of excitation was faster on one side of the early site than the other, but a complete reentrant circuit did not develop. In six episodes, the early sites of the first and second postshock activation occurred at different locations. Figure 5 shows one such example from a dog different from that of Figures 1-4 . Before the shock (panels A-C), multiple activation fronts invaded the tissue from the edges of the mapped region and collided near the center. The shock occurred at 274 msec. All preshock activation fronts were markedly altered by the shock. After the shock, earliest activation occurred 52 msec later and spread from the center (arrow) toward the periphery (panel D). Conduction block or reentry was not observed. Activation spread faster along than across the long axis of the fibers. While earliest postshock activation occurred within the mapped region (panel D), during subsequent activations, the tissue was activated by one large and coherent wave front approaching from the upper septal corner of the mapped region (panels E and F). Thus, the early sites of the first and second activations were different.
Early Sites and Total Activation Times Before and
After the Shock The two consecutive isochronal maps immediately before the shock showed that 63±41% of the early sites of an activation cycle were again early sites in the subsequent activation cycle. If FIGURE 3. An activation pattem exhibiting unidirectional conduction that markedly changed after the first postshock cycle. During ventricular fibrillation (VF) before the shock (panels A-C) some activation fronts were repeatable while others gradually changed. The shock occurred at 312 msec. After the shock a figure eight pattern developed for a single rotation in the center of the tissue studied (panel D). Some double activations occurred in the center (times in italics) suggesting either electrotonus or limited reentry at the early site. The figure eight pattem did not propagate, however, and subsequent activation fronts first appeared at the border of the mapped region (arrows, panels E and F) and followed different pathways. activation was not changed by the shock, the early site of the first postshock activation cycle should also occur frequently at this same location. Contrary to this prediction, only 7±23% of the postshock early sites occurred at the same location as that of the preshock activation cycle (p<0.0001). The shock also changed the total activation time, whether or not the isoelectric window was considered part of the first postshock activation. The total activation time for the last full preshock activation cycle was 92± 22 msec, which decreased to 70±15 msec for the first postshock activation cycle (p=0.038). The sum of the total activation time of the first postshock activation cycle and the isoelectric window of the same episode averaged 113 ±8 msec, also significantly different from the total activation time of the preshock activation cycle (p=0.0004).
Comparison Between Preshock and Postshock Intervals at the Early Sites
Because of six episodes in which two electrodes recorded the same shortest postshock activation interval, there were 26 early sites in these 20 episodes of unsuccessful defibrillation. The mean preshock interval for the 26 early sites was 64+11 msec (range, 43-82 msec). The mean preshock interval for the eight cases exhibiting block was 36±18 msec, and for the 12 cases with a focal pattern it was 46±12 msec. The mean postshock interval, that is, the isoelectric window width, was 42+15 msec (range, 18-64 msec). The 26 early sites were distributed in all three layers of the tissue and did not cluster in any one portion of the mapped region. There was a weak negative correlation between the preshock and the postshock intervals for all layers ( Figure 6A ). Twelve early sites occurred in a single dog, and the correlation for just this animal was much stronger (Figure 6A ). Because the isoelectric window width differs greatly with different dogs and with different shock strengths,2 this correlation may be stronger because all 12 early sites were in a single dog at a single shock strength. At the early site, the sum of the preshock and postshock intervals averaged 106±11 msec, signifi- cantly longer than the baseline VF cycle length of 96±16 msec (p=0.0015).
For the episodes with unidirectional conduction, the same analysis was also applied to the electrode recording the latest activation time that was adjacent to the electrode recording earliest activation. The relation was different. For the nine early sites in the eight episodes of unsuccessful defibrillation associated with unidirectional conduction, the preshock intervals were either less than 40 msec or longer than 70 msec ( Figure 6B ). This suggests that at the time of the shock, the sites with preshock intervals less than 40 msec were still in their effective refractory period and not activated by the shock, whereas the sites with preshock intervals longer than 70 msec were more repolarized than the cells at the early site and were directly activated by the shock.
As expected from these considerations, there was no correlation between the preshock and postshock intervals at these electrodes.
Comparison Between Preshock and Postshock Intervals at All Electrodes
Figures 1-5 demonstrate distinct differences in the activation fronts during VF compared with the activation fronts just after unsuccessful defibrillation shocks. These differences are compatible with complete alteration of the preshock fronts and regeneration of VF by new postshock activation fronts spreading away from the early site. To illustrate the effects of the defibrillation shock in all 20 episodes, we compared the preshock and postshock intervals at all recording electrodes. If the shock did not change the activation sequence, then the larger the preshock ENDOCARDIUM A 36 interval, the shorter should be the postshock interval, and vice versa. The sum of these two intervals should approximately equal the mean cycle length during VF. This can be verified by 1) selecting an arbitrary time during VF before the shock, 2) assuming a hypothetical shock was given at that time that was so weak it had no effect on the activation sequence within the mapped region, and 3) then comparing in each channel the time interval between the shock and the last activation before the shock (sham preshock interval) to the time interval between the shock and the first activation after the shock (sham postshock interval). We performed this exercise assuming a shock of 0 V was given 150 msec before the real shock for each of the 20 episodes. As shown in Figure 7A , there was indeed a strong negative correlation between the sham preshock and postshock intervals, and the sum of x and y along the regression line was approximately equal to the mean cycle length during VF. Figure 7B shows the relation between the real preshock and postshock intervals for the 20 episodes. There were distinct differences compared with Figure 7A. The most striking difference occurred at those sites with a preshock interval of more than approximately 75 msec; instead of having a short postshock interval as in Figure 7A , such sites had a long postshock interval. This finding suggests that sites with a long preshock interval were sufficiently recovered to be directly activated by the electric field of the shock. Thus, the point plotted in Figure 7B for these sites represents the second activation counting from the beginning of the shock. An alternative explanation is that the refractory periods of some sites with long preshock intervals were prolonged by the shock without initiating a propagated activation potential.1' By whatever mechanism, the unsuccessful defibrillation shock significantly altered the transmural activation sequence in the recorded region.
Patterns ofActivation in Which Early Sites Were Not in the Central Recorded Region
Among the 30 analyzed episodes of unsuccessful shocks in which earliest postshock activation was recorded at the periphery of the mapped tissue, there were no preferential locations of early sites. The preshock interval of the early sites at the periphery for the 30 episodes was 52+ 21 interval after the beginning of the shock in which activations could not be detected by the mapping system. This figure demonstrates a significant but weak negative correlation between the preshock and postshock intervals. The correlation was much higher for the 12 early sites from the same dog. Panel B: Correlation between the preshock and postshock interval for the nine late sites in the eight episodes with postshock unidirectional conduction. The late sites were defined as sites that were at the tail of the activation sequence for the first postshock cycle and that were adjacent to the early site. There was no correlation between the preshock and postshock intervals. The preshock intervals were either less than 40 msec or longer than 70 msec, suggesting that the shock at these areas fell into either the effective refractory period or the more recovered phase of the cardiac cycle, respectively. central region (p=0.012). The mean postshock isoelectric window was 60±15 msec (range, msec), which was significantly longer than for the 20 episodes with early sites in the central portion of the mapped region (p<0.0001). This finding suggests that for many of the episodes the activation fronts arose from yet earlier sites outside the mapped region before conducting into the mapped region.
Two consecutive isochronal maps immediately before the shock showed that 77+29% of the early sites were repeatedly recorded by the same electrode, while only 23+35% of the postshock early sites occurred at the same location as that of the immediate preshock activation (p<0.0001). The total activation time decreased from 92±29 msec before the shock to 56±17 msec after the shock (p<0.0001).
Analyzing the relation between preshock and postshock intervals for a sham shock 150 msec earlier than the real shock ( Figure 7C) and also for the real shock ( Figure 7D ) showed differences similar to those observed for episodes with early sites in the central portion of the mapped region. Thus, although the earliest activation site was not in the mapped region, the shock still changed the activation sequence. While all 30 episodes contained sites within the central region with preshock intervals of 40-70 msec, no early site occurred in the mapped volume.
Pattems ofActivation in Which the Preshock Wave Fronts May Have Persisted in the Postshock Period
While all of the above findings suggest that the preshock wave fronts were markedly altered by the shock, the possibility that these wave fronts contin-ued during the postshock period could not be ruled out in two of the 20 episodes in which an early site was within the center of the mapped region. Figure 8 shows one of these two episodes. Panels A-C are three consecutive preshock isochronal maps during VF. There were multiple wave fronts present. Activation sequences are complex but fairly repeatable for the last two preshock cycles. It is assumed that the cross-hatched region in panel C activated during the switching artifact just before the shock or was directly activated by the field of the shock. The time of the shock was 263 msec, and the strength of the shock was 190 V. After the shock, earliest activation occurred 48 msec later at the same electrode that recorded an early site before the shock. Another independent early site (56 msec) initiated a figure eight pattern of activation in the upper part of the mapped region (panel D). This pattern repeated for more than two cycles (panels E and F). Although this pattern was not observed before the shock, the early site of the wave front occurred at an electrode that also recorded an early site in the preshock period. Thus, we cannot rule out the possibility that the preshock wave fronts persisted in the postshock period in this episode despite the fact that the shock has changed the patterns of activation.
Histological Examination
Large branches of Purkinje fibers were distributed in the lower portion of the mapped region caudal to the insertion of most of the plunge electrodes. Smaller branches were observed throughout the tissue studied. While the Purkinje fiber distribution A. The relation between preshock and postshock intervals at all electrodes. Panel A: The relation that should occur if the shock did not affect the activation sequence for the 20 episodes in which earliest postshock activation was in the central portion of the mapped region. Each dot represents one or more data points. The dots in the left lower corner of the panel probably represent activations recorded near sites where more than one front passed in close succession. Because there was more than one activation recorded within the range of ordinary cycle lengths, the apparent cycle lengths were decreased. Some of these points may represent electrotonus or field effect. Panel B: The relation between the real preshock and postshock intervals of all channels for the 20 episodes. The dashed line indicates the end of the 13-msec interval after the beginning of the shock in which activations could not be detected. Panels C and D: The same relations as panels A and B, except the data were from the 30 episodes analyzed with early activation sites at the periphery of the mapped tissue. There again was a significant difference between the sham shock and the real shock. This figure indicates that the activation sequence was indeed changed by the shock. See text for further discussion.
correlated with the activation sequence during normal rhythm, there was no correlation with the patterns of preshock or postshock activations during VF. Necrosis was confined to the myocardium immediately adjacent to the holes left by the plunge electrodes. Interstitial hemorrhage, without myocardial necrosis, was present throughout much of the subendocardium. incoordination, stage that lasts 15-40 seconds. In this stage, contraction waves with distinctly different rhythms and sequences pass over the ventricles. Although these waves vary considerably in contour, amplitude, and period, the frequency of activation is quite constant, and "may be placed between 600 to 660 per minute." Several studies have mapped activation patterns during Wiggers' stage 1.6,27,28 However, little is known about the activation patterns during Wiggers' stage II VF. In this study, we used closely spaced transmural plunge electrodes to investigate the patterns of activation 20 seconds after the onset of VF, during Wiggers' stage II. We observed coherent activation fronts with dimensions and path lengths of several centimeters and cycle lengths, averaging 96±16 msec, compatible with the rate of activation reported by Wiggers. These coherent fronts may be the electrical correlate for the contraction waves he observed to pass over the ventricles during stage II. Activation patterns during other stages of VF may differ from those observed during stage II.
The activation fronts during stage II frequently either collided with each other or blocked when they encountered tissue still refractory from activation caused by another front. Occasionally, activation patterns compatible with reentry were present (Figures 4A-4D ). These findings are consistent with the "wandering wavelet" model of fibrillation presented by Moe and coworkers.29 However, early sites of activation exhibiting a focal pattern were also observed. Activation fronts spreading away from these foci never activated large portions of the mapped region in the manner seen with foci immediately after the shock ( Figures 4E-4H and SD) . Instead, two types of patterns were observed. In one ( Figures 3A and 3B and 5B) , a small volume, generally just the region near a few plunge needles, was activated slightly earlier than the neighboring electrodes, which appeared to be activated via a large front approaching from outside the mapped volume. Thus, these focal-appearing patterns might represent a portion of this large front that conducted undetected and rapidly between the plunge needles, or they might represent activation fronts conducted to the early site by Purkinje fibers. In the second pattern ( Figures 5A and 8C) , the focal site appeared adjacent to a region in which multiple activations had just been observed. Double activations are usually seen in regions in which fronts collide and block or in which reentry may be present (Figure 2, electrodes d , e, and h). Thus, these focal-appearing sites may represent reentry circuits too small to be identified completely with plunge electrodes spaced 5 mm apart. It is also possible, however, that these patterns indeed represent true foci. 30 The ability to map the patterns of activation during VF is important in studying the mechanism of defibrillation. In a previous report2 we proposed that unsuccessful epicardial shocks of .1 J given with the same defibrillation electrode configuration used in this study halt all activation fronts after which VF regenerates. However, at that time, we were unable to map the individual activation fronts just before the shock to support that hypothesis. The ability to map VF wave fronts demonstrated in this study is thus important in examining that hypothesis.
Upper Limit of Vulnerability Hypothesis of Defibrillation
It is well documented that a strong stimulus given during the vulnerable phase of the cardiac cycle can induce VE31 However, if the strength of stimuli is progressively increased, eventually VF will become noninducible31,32; hence, an upper limit of vulnerability is present. We have proposed that subthreshold shocks reinitiate VF by falling into the vulnerable period of one or more myocardial regions.3 To achieve defibrillation reliably, a shock must be strong enough to exceed the upper limit of vulnerability in all parts of the ventricles. This hypothesis is supported by the good correlation found between the defibrillation threshold and the upper limit of vulnerability3,4,5 and by the similarity in activation patterns following shocks just below the defibrillation threshold and just below the upper limit of vulnerability. 33 According to the upper limit of vulnerability hypothesis of defibrillation, the following effects should be observed as the electric field of the shock is progressively increased. With very low shock field strengths, the activation fronts of VF should continue, unchanged by the shock. At a higher shock strength, less refractory regions should be directly activated by the shock while more refractory tissue may have its refractoriness altered by the shock. These changes should alter the activation sequence following the shock. Assuming that the less refractory tissue is just in front of the activation fronts at the time of the shock, the shock should halt these fronts since the tissue into which they would have spread will have been made refractory by direct excitation or by prolongation of refractoriness. New activation fronts may arise at some portions of the border of the region directly excited by the shock.34 These new activation fronts may reinitiate VF in the same manner that similar strength shock fields initiate VF when the myocardium is relatively refractory in regular rhythm, that is, during the vulnerable period. When the shock strength is sufficiently large, activation fronts capable of inducing VF should no longer be induced at the border of the region directly excited by the shock for reasons not yet definitely known but that perhaps are related to prolongation of refractoriness by the shock. 34 These considerations are complicated by the geometry of the shock field. Many shock fields are very uneven,35 so that the field may be above the level that reinitiates VF in some regions and below this level in others. This unevenness may be partially responsible for the probability of success curve of defibrillation.36,37 VF may be reinduced when refractoriness and activation fronts are dispersed in certain ways but not others in the regions in which shock strength is below the level that can reinitiate VF. The dispersion of refractoriness and activation fronts will change with time so that a shock given at one instant will reinduce VF while a shock of identical strength given at another instant will not. Thus, the upper limit of vulnerability hypothesis indicates the importance of both geometry as well as timing and emphasizes that the electrical initiation of VF and the electrical termination of VF are not different phenomena but are closely related facets of the same subject.
With defibrillation electrodes on the right atrium and ventricular apex, the base of the ventricles has a relatively low potential gradient field strength. 35 Probably because of this low field strength, earliest postshock activation for subthreshold shocks often occurs in this region, particularly in the right ventricular outflow tract.235 This preferential location of early postshock activation forms the basis of a useful model for studying the mechanism of defibrillation. 2 The model allows more precise measurements to be performed in the region in which earliest activation is likely to appear by concentrating recording electrodes in the region. In this study, we have utilized this model to perform more detailed transmural mapping in a 20 x 35 x 5-mm portion of the right ventricular outflow tract during defibrillation.
Although sudden changes of activation patterns were occasionally noted soon after the onset of electrically induced VF (authors' unpublished observation), the preshock VF activation patterns were generally fairly stable 20 seconds after the shock with only gradual change from one cycle to the next for the majority of cycles. More than 60% of the early sites repeated at the same location for consecutive activations. After an unsuccessful defibrillation shock, there was an isoelectric window of 18-64 msec during which no activation was observed. In most episodes a new activation front then appeared that differed markedly from the activation fronts present immediately before the shock. Only 7% of the early sites after the shock occurred at the same location as early sites for the last activation front present just before the shock. These findings were demonstrated both by direct examination of the isochronal maps (Figures 1-5 ) as well as by plotting preshock and postshock intervals at all recording sites for all shock episodes (Figure 7) . The presence of different patterns of activation in the postshock period in most episodes indicates marked alteration in the pathway of the preexisting activation front by the shock. Thus, this study provides additional evidence to support the idea that unsuccessful shocks approximately 100 V below the defibrillation threshold completely alter the activation sequences so that VF is reinitiated by new activation fronts after the shock rather than by the unperturbed continuation of activation fronts present just before the shock.
One fact not supporting the concept that the preshock activation patterns were completely altered by the shock was the finding that, although significantly different, the time of activation at the site of earliest postshock activation was not markedly different than if the shock had not been given, that is, the sum of the preshock and postshock intervals at the early site (106+11 msec) was only slightly longer than the cycle length of VF before the shock (96±16 msec). Since the sum of the preshock and postshock intervals was markedly changed at many other electrode sites ( Figure 7B ) and the spread of activation was strikingly changed (Figures 1-5 ), we do not think the early postshock site of activation arose by conduction from a preshock activation front. The fact that the VF cycle length is so short suggests that cells activate soon after they have passed out of their effective refractory periods during VF. The finding that the time of activation at the early site is actually slightly later than would be expected if the shock had not been given (mean, 10 msec) suggests either that the shock prolongs refractoriness in some of the tissue not directly excited by the shock or, since latency is directly related to stimulus strength,14'24 that the shock is a weaker stimulus than are the propagating activation fronts during VF.
Mechanism of Postshock Regeneration of VF
Although it has been 50 years since the first report of ventricular vulnerability to a single premature stimulation,31 the mechanism by which electrical stimulation initiates VF is still unclear. The most often accepted hypothesis is that of the nonuniform recovery of excitability.38 It has been proposed that the nonuniform recovery of excitability both near the site of premature stimulation39 and away from the site of premature stimulation40 is important in the generation of electrically induced VF. We recently found that figure eight reentry occurs frequently at the onset of electrically induced fibrillation when the S2 site is separate from the S, site.6 To create a figure eight reentry pattern, the stimulation had to be sufficiently strong to excite cells at or away from the site of S2 stimulation, form an arc of block adjacent to the tissue that was most refractory around the S2 site, and or the S1-S2 coupling interval increased, the site of S2 stimulation was directly excited by the strong stimulation, but the impulse could not conduct across the unidirectional block because of tissue refractoriness.
With further increase of the SI-S2 coupling interval, the tissue was less refractory, permitting impulse propagation in all directions, and the figure eight reentry pattern disappeared.6
Applying the general principle of that report to the cases in this study in which unidirectional conduction was observed, we hypothesize that the tissue between the location of the activation fronts just before the shock and the early site of activation after the shock (hatched region in Figure 1F ) was directly excited by the shock field because the sites in this region had longer preshock intervals and hence were less refractory than the sites activated early in the first cycle (cephalad half of Figure 1F ). The region activated early in the first postshock cycle was excited by conduction away from one portion of the border of the directly activated region. Activation fronts may not have conducted away from the remainder of this border (dashed line at top of directly activated region in Figure 1F ) because the particular combination of shock strength and tissue refractoriness caused a graded response rather than a full action potential.6,15,32 Conduction was not possible away from the opposite border of the directly activated region (at the bottom of the directly activated region shown by hatching in Figure 1F ) because tissue beyond this border was in its effective refractory period, having activated just before the shock. Thus, immediately after the shock, conduction could propagate in only one direction.
In some episodes, the late sites were associated with short preshock intervals ( Figure 6B ). Even though stimulation by the shock may have occurred during the effective refractory period of this region, it may still have increased action potential duration by causing a graded response, so that the refractoriness may have been prolonged in the region.14 This area could then serve as the location for conduction block. If a portion of the adjacent region was directly excited, then a propagated activation front could occur and conduct later into the region undergoing the graded response after it had had time to recover.
It could not be definitely ascertained whether the eight examples exhibiting unidirectional conduction also exhibited reentry. Some examples were consistent with figure eight or leading circle reentry or were consistent with excitation of the later part of each postshock cycle by other activation fronts arising outside the mapped region (Figure 1 ). Other examples were consistent either with reentry or with a focus bordered on one side by conduction block (Figure 8 ). These two explanations could not be differentiated because it was not possible to fulfill Mines'41 criteria for reentry in these evanescent arrhythmias by severing the pathway to see whether the arrhythmia was halted. One point in favor of the idea that these patterns represent a focus with conduction block on one side is that all 20 episodes could hence result in reentry. As the strength of stimulation then be explained by a common mechanism giving rise to a focal activation pattern, some episodes exhibiting conduction block and other episodes not. Also, reentrant patterns were not observed following the shock in our previous study2; however, they could have been missed because of the wider electrode spacing and the lack of intramural electrodes in that study.
In the majority of instances, early postshock activation was not associated with a demonstrable pattern of unidirectional conduction but appeared to have a focal origin that spread away in all directions (Figures 4 and 5) . The mechanism giving rise to this early focal activation pattern may be automaticity, triggered activity, or the presence of a microreentrant circuit that has a wavelength so small that even electrodes spaced 5 mm apart cannot detect the reentry loop. The presence of multiple activations at the early site ( Figure 4 ) may favor the hypothesis of small intramyocardial reentrant circuits. It is also compatible, however, with automaticity or triggered activity with two-to-one exit block. For episodes with different first and second cycle postshock activation patterns ( Figure 5 ), the first activation front may have arisen from an early site stimulated by the shock with long latency, while the second activation front may have arisen from another early site outside the mapped region or from a continuation of the first activation front via a pathway outside the mapped region.
If they arise by triggered activity or automaticity, the focal activation patterns provide evidence against the upper limit of vulnerability hypothesis of defibrillation, since, as discussed above, VF initiated by stimulation during the vulnerable period is thought to be caused by reentry. Even if the focal patterns really arise by microreentry, this reentrant pattern is different from that observed for the electrical induction of VF from a stimulus point electrode during the vulnerable period of paced rhythm. 6 The electrical induction of VF during the early portion of the vulnerable period of regular rhythm with the same defibrillation electrodes used in this study gave rise to an activation pattern that did appear focal,42 which implies that the focal patterns observed in this study do not conflict with the upper limit of vulnerability hypothesis of defibrillation. However, that study was performed with widely spaced electrodes confined to the epicardium, which, as discussed above, might cause a reentrant pattern to appear focal.
The finding that focal activation patterns were occasionally observed during VF before the shock43 raises the possibility that the foci present after the shock were not induced by the shock but were spontaneous. While this possibility cannot definitely be ruled out, three observations suggest that the focal postshock pattern is in response to the shock. 1) Focal patterns after the shock were different from those during VF before the shock; fronts spread away from the early sites to activate much of the mapped volume instead of activating just a small region around a few plunge needles as during VF. 2)
The time of appearance of the focus after the shock, that is, the isoelectric window, did not appear randomly during the equivalent of one VF cycle length after the shock (96 msec), in which case it would have had a standard deviation of 27.4 msec, but clustered around a mean of 46 msec with a standard deviation of only 12 msec. 3) The early sites for the first postshock cycle were only rarely early sites for the last preshock cycle. The example in Figure 8 is one of the few episodes in which this occurred.
Reason for the Postshock Isoelectric Window
In this study, the mean postshock interval at the earliest site of postshock activation was 42±15 msec, while in our previous report it was 64±22 msec.2 The difference between these two values can be accounted for by the fact that a more detailed mapping technique was used in this study, thus decreasing the distance the activation front must travel between the actual earliest site of postshock activation and the nearest recording electrode. Because this distance was shorter, the time until activation was detected at a recording electrode was also shorter.
Since the preshock interval at the earliest site of postshock activation ranged from 43 to 84 msec ( Figure 6A ), most of these sites were probably in the relative refractory period when they were stimulated. Therefore, the postshock interval at these sites, that is, the isoelectric window, may represent the latency of response that has long been observed in relatively refractory cells.24 There are at least two components of stimulus-response latency.14 One component is slow conduction secondary to the relative refractoriness of the tissue. This slow conduction should be present during propagation from the border of the region directly activated by the shock to the recording electrode at which activation is first detected after the shock. The more premature the stimulus is, the slower conduction from the border of the directly activated region to the recording electrode is, and the longer the latency is. 44 The second component is the true latency of activation of the early site; cells in the relative refractory period may not undergo an action potential immediately after stimulation but only after a latent period that becomes greater as the stimulus is made more premature.24 Compatible with both components, the longer the preshock interval at the early site was, and hence the less refractory the cells were, the shorter the postshock interval was ( Figure  6A ). Another possible reason for the postshock isoelectric window, particularly for those episodes in which the same early site is present for more than one cycle, is that the early sites represent triggered activity, triggered by the shock.
Conclusions
We demonstrated that activation patterns during Wiggers' stage II of VF are sufficiently organized that they can be mapped by electrodes spaced 5 mm apart. The maps showed that 20 seconds after elec-trical induction, VF is not totally random but frequently follows similar, gradually changing pathways. Thus, it is possible to predict with moderate accuracy the activation sequence tens of milliseconds hence. This ability allowed us to determine that unsuccessful shocks approximately 100 V below the defibrillation threshold markedly alter the VF activation patterns present just before the shock. New activation sequences appear after the shock exhibiting focal or unidirectional conduction patterns. These activations appear following an isoelectric window, either because of latency of relatively refractory tissue that is stimulated by the shock or because of triggered activity for which the shock was the trigger.
